The development of Alzheimer's disease (AD) later in life may be reflective of environmental factors operating over the course of a lifetime. Educational and occupational attainments have been found to be protective against the development of the disease but participation in activities has received little attention. In a casecontrol study, we collected questionnaire data about 26 nonoccupational activities from ages 20 to 60. Participants included 193 people with probable or possible AD and 358 healthy controlgroup members. Activity patterns for intellectual, passive, and physical activities were classified by using an adaptation of a published scale in terms of ''diversity'' (total number of activities), ''intensity'' (hours per month), and ''percentage intensity'' (percentage of total activity hours devoted to each activity category). The control group was more active during midlife than the case group was for all three activity categories, even after controlling for age, gender, income adequacy, and education. The odds ratio for AD in those performing less than the mean value of activities was 3.85 (95% confidence interval: 2.65-5.58, P < 0.001). The increase in time devoted to intellectual activities from early adulthood (20 -39) to middle adulthood (40 -60) was associated with a significant decrease in the probability of membership in the case group. We conclude that diversity of activities and intensity of intellectual activities were reduced in patients with AD as compared with the control group. These findings may be because inactivity is a risk factor for the disease or because inactivity is a reflection of very early subclinical effects of the disease, or both.
W
ork in North America, Europe, Asia, and the Middle East has shown that the incidence and prevalence of Alzheimer's disease (AD) is lower in subjects with relatively higher levels of education (1) (2) (3) (4) . According to the East Boston study, each year of education reduced the risk of AD by 17% (3) . Although the protection against development of AD provided by education could be an artifact produced by the ability of more highly educated persons to perform better on cognitive tests (4-7), many studies have used functional rather than psychometric measures for diagnosis and have documented the protective effect of education (1, 2, 4) . Although the mechanisms of education protection remain unknown, Katzman (1) has proposed that the protective effects of education are related to neuronal reserve; individuals with higher levels of education are more resistant to the effects of the disease on cognition because of enhanced synaptic complexity. Occupational attainment also has been demonstrated to be protective against the disease (3, 8) .
Educational protection also may be induced by lifelong patterns of neuronal activation associated with exposure to education (9) (10) (11) (12) . But education and occupation are not the only reflection of these lifelong patterns; recreational activities are also indications of the ways in which cognitive and other skills are used in daily life (13, 14) . We have hypothesized that recreational tasks, in addition to education and occupation, are protective against the development of AD (10, 11) . Leisure endeavors are reflective of the intrinsic value of an activity for an individual (14)-they may be more reflective of neurological factors than education or occupation, which are strongly influenced by socioeconomic determinants, especially in the earlier years of this century when economic, social, and military factors often determined who went to school and for how long. Recreational activities provide a reflection of neuronal reserve and activation that may be relatively independent of these economic, social, and military factors.
The pathological features of AD are most profound in the limbic system and temporal, frontal and association neocortices, and basal forebrain areas involved in learning, memory, emotion, judgement, abstraction, language, and executive functions (15) . We therefore hypothesized that intellectual activities involving learning and memory would be most protective against the development of the disease.
Hultsch et al. (16) have reported that ''favorable life experiences or conditions may forestall or attenuate the declines typically seen in a variety of cognitive processes in later adulthood.'' Similarly, Schooler (17) has found that ''environmental complexity'' is associated with enhanced cognitive function throughout life. Because of the very chronic nature of AD (18) and its strong relation to age, it is likely that interactions between ''favorable life experiences'' (which may be associated with education and occupation) and cognitive decline will be operative for both healthy aging as well as neurodegenerative disorders such as AD.
We have evaluated the relationships between nonoccupational activities and AD in a case-control study. Activities from the ages of 20 to 60 years were studied. Information about activities after age 60 or 5 years before disease onset was not collected, because it is clear that the disease itself is associated with reduced activities (19, 20) , a reduction that could very well occur in the premorbid period before the patient or family is aware of the onset of dementia.
Alzheimer Center, University Hospitals of Cleveland. Patients were evaluated by neuropsychological, laboratory, and neurological exams and all had x-ray computed tomography or MRI scans of the brain. In all cases, patients had a probable (79%) or a possible AD (21%) diagnosis that was reached by consensus conference by using National Institute of Neurological and Communicative Disorders and Stroke-Alzheimer's Disease and Related Disorders Association criteria (21) . Case-group patients were required to have had an onset of symptoms within 5 years of evaluation at the University Alzheimer Center, to minimize the contribution of premorbid features. The control-group members (N ϭ 358) were the friends or neighbors of the case-group members or were members of the same organizations to which the case-group members belonged. Surrogates for case-group members were asked to identify friends, neighbors, or organizations to which the case-group members belonged. The controlgroup members were acquired by using frequency matching for age and gender. Spouse control-group members were not used to avoid overmatching. All case-group members had surrogates available who had known the case-group member for at least the last 10 years, and who had a close personal relationship with the casegroup member. Surrogates were 62% spouses, 28% children, and 10% siblings or friends. Refusal rates for participation as controlgroup members were 65͞346 (19%) for males and 106͞537 (20%) for females (some subjects who agreed may have been refused participation because of exclusion criteria). Refusers were no different in comparison to responders in regard to gender, age, geographical location, or education. Control-group members were examined in the same way as case-group members and were determined to be free of neurological, psychiatric, or medical diseases affecting cognition. We compared control-group members obtained as friends or neighbors of case-group members with those acquired from organizations and found no differences in the two types of control-group members in regard to demographic variables, cognitive performance, or personality (neurotocism, extraversion, openness personality inventory; ref. 41) . Subjects with a history of alcoholism, drug abuse, major head trauma, cancer, or other illnesses likely to impair cognition were not accepted into either the case or control groups. Control-group members were paid $30 for their participation in the study. After a complete description of the study was given to the subjects and their families, written informed consent was obtained.
Measures.
We studied 26 different types of activities, asking three questions about each one: (i) Did subjects participate in the activity at least once per month? If yes, (ii) how many hours per month in their 20s and 30s (i.e., early adulthood); and (iii) how many hours per month in their 40s and 50s (i.e., middle adulthood)? These data were referred to as the ''ever͞never'' data, the ''20s and 30s hours'' data, and the ''40s and 50s hours'' data, respectively. We inquired about activities in the teen years but found these data to be unreliable because of missing data, as few appropriate informants could be found. We did not acquire data about the period following age 60, or less than 5 years before disease onset in case-group members, because of the confounding effect of the premorbid and morbid effects of illness on participation in activities. Questionnaire data included other possible risk or protective factors, including education, family history, medication use, medical history, diet, and smoking habits (22) . Questionnaires were completed in the home by the control-group members themselves and by a surrogate for case-group members and mailed to the Alzheimer Center. Ninetynine percent of questionnaires were returned. The activity questionnaire used is available from the authors upon request.
Data from the 26 activities were grouped into three general activity categories (passive, intellectual, and physical) adapted from empirical-theoretical work by Hultsch et al. (23) . The 26 activities for the three activity categories also are available from the authors upon request. These activity types and categories were used to develop three major measures: diversity, intensity, and percentage intensity.
Diversity. Diversity was defined as the sum of the total number of activities participated in at least once per month per category, divided by the total number of activities making up an activity category. (For example, for subjects who reported doing five physical activities, diversity scores equaled 0.56, because there were 9 possible physical activities variables and 5͞9 ϭ 0.56.)
Intensity. Passive, intellectual, and physical intensity were defined as the sum of the total hours per month devoted to each activity type. For example, physical intensity was calculated by summing the hours per month devoted to baseball, football, basketball, soccer, hockey, working out in a gym, racquet sports, bike riding, golf, bowling, gardening, ice skating, roller skating, jogging, swimming, and walking for exercise. Separate intensity scores were calculated for early (ages 20 to 39) and middle adulthood (40 to 59).
Percentage intensity. Percentage intensity was defined as the percent of total activity hours per month devoted to each activity category (passive, intellectual, and physical). Percentage intensity in early and middle adulthood was calculated by dividing intensity scores by the total number of hours devoted to all three activity categories. The result was then multiplied by 100. Separate percentage intensity scores were calculated for early and middle adulthood. (Because the percentage intensities of passive, intellectual, and physical activities were percent scores, by definition they always summed to 100%). Thus, for example, to calculate the percentage intellectual intensity in early adulthood, we summed the total hours devoted to ''intellectual activities'' in early adulthood (i.e., intellectual intensity), then divided by the sum of the hours devoted to all three activity categories in early adulthood, and then multiplied the result by 100.
Treatment of Missing Data. Missing data were imputed in a two-step sequence. In the first step, missing values for the ''ever͞never'' variables were imputed by using ''hot-deck'' procedures available in the SOLAS MISSING DATA ANALYSIS 1.0 statistical software (Statistical Solutions, Saugus, MA.). ''Hot-deck imputation'' sorts respondents and nonrespondents into imputation classes according to a user-specified set of auxiliary variables. Missing values are replaced with values taken from matching respondents (i.e., respondents similar with respect to the auxiliary variables). In the current study, sorting variables included: (i) year of birth, (ii) gender, and (iii) years of education. Imputed values were selected randomly from the imputation classes created by using these variables. The percentages of missing data across the 26 ''ever͞never'' variables before imputation ranged from 0.5% to 3.8%.
In the second step, we imputed missing data for the ''hours'' variables. For subjects who reported that they had never completed an activity during their lives (as indicated by the ''ever͞never'' variables), the corresponding missing ''hours'' data were coded automatically as 0. After this adjustment, missing data for the ''hours'' variables were imputed by using the ''hot-deck'' methods described above. Year of birth, gender, and years of education again were used as sorting variables. The percentages of missing data across the ''hours'' variables before imputation ranged from 0.5% to 11.6% in early adulthood and from 0.2% to 6.4% in middle adulthood.
Data Analysis. Data analysis was accomplished in five steps:
1. Sociodemographic characteristics. Case-and control-group members were compared on the basis of basic sociodemographic characteristics by using t tests, 2 tests, and the Wilcoxon sign-rank test, where appropriate.
2. Activity count. A t test was used to compare case-and control-group members on the basis of the overall raw count of activities in which subjects ever participated. All subjects were divided into two groups and were defined by the mean raw count of activities in which subjects ever participated, and the odds ratio for disease status in those having less than the mean raw count of activities was calculated. 3. Diversity. Separate one-way between-subjects ANOVAs were completed with case͞control status as the independent variable and passive, intellectual, and physical ''diversity'' scores as dependent measures. To decrease the variance associated with sociodemographic characteristics, a series of one-way betweensubjects analyses of covariance (ANCOVA) also were run, with year of birth, gender, years of education, and income adequacy as covariates. All subjects then were divided into two groups, defined by the mean diversity score for each diversity-dependent variable, and the odds ratio for disease status in those having less than the mean diversity scores was calculated.
4. Intensity. Case-and control-group members were compared in separate one-way ANOVAs on ''intensity'' scores in early adulthood and in middle adulthood. Again, to decrease variance associated with sociodemographic characteristics, a series of one-way ANCOVAs were run, with year of birth, gender, education, and income adequacy as covariates. All subjects were then divided into two groups, defined by the mean intensity score for each intensity variable, and the odds ratios for disease status in those having less than the mean intensity scores were calculated.
5. Percentage intensity. In a final set of analyses, the percentages of total hours per month devoted to intellectual, passive, and physical activities in early and middle adulthood were calculated. The percentages of intellectual and physical variables then were included as predictors in a logistic regression model, along with sociodemographic characteristics (year of birth, gender, years of education, and income adequacy) to predict membership in the case vs. control group.
Surrogate Substudy. We examined the issue of the bias that may be introduced by the use of the surrogates caused by systematic under-or over-reporting types or hours of activities. The first 50 cognitively intact individuals who entered the case-control study to serve as control-group members were asked to fill out the Life History Questionnaire and also to have it filled out by a person whom they felt was well acquainted with their past and present activities. Because it would not have been possible to dictate the type of relationship between the case-group members with AD and their surrogate respondents, no attempt was made to influence choices regarding the relationship between the control-group members and their surrogates. By using the Hultsch classification scheme, intensity scores for passive, intellectual, and physical activities in the 20s and 30s and in the 40s and 50s were computed for the self and the surrogate responses. Paired t tests were run to test the null hypotheses of zero mean difference between self and surrogate responses.
Results
Sociodemographic Characteristics. The sociodemographic characteristics of our case-and control-group members are shown in Table 1 . Case-group members had significantly lower levels of education than did control-group members, and the case group's median year of birth was slightly earlier than the control group's median year of birth.
Activity Count. Among the 26 activities we studied, control-group members reported performing more activities (mean ϭ 16.0, SD ϭ 3.4) than case-group members (mean ϭ 12.9, SD ϭ 4.1; P Ͻ 0.001). This result remained significant after controlling for the potential confounders, year of birth, sex, education, and income adequacy (P Ͻ .001). When all subjects were divided into two groups, defined by the mean of the raw count of activities, the odds ratio for disease status in those having less than the mean value of activities was 3.85 (95% confidence interval: 2.65-5.58, P Ͻ 0.001).
Diversity. Passive, intellectual, and physical diversity scores were submitted to separate univariate ANOVAs and ANCOVAs. Results of diversity score ANOVAs and ANCOVAs are presented in Table 2 terms of the diversity of activities reported across the lifespan, with control-group members participating in a greater diversity of each class of activities than case-group members. The odds ratio for low passive diversity was 2.51 [95% confidence interval (CI): 1.75-3.59, P Ͻ 0.001], the ratio for low intellectual diversity was 2.43 (95% CI: 1.66-3.54, P Ͻ 0.001), and the ratio for low physical diversity was 2.67 (95% CI: 1.85-3.85, P Ͻ 0.001)
Intensity. Passive, intellectual, and physical ''intensity'' scores in early and middle adulthood were submitted to separate univariate ANOVAs. Results are presented in Table 3 . The data show that control-group members participated in a higher mean total hours per month of passive and intellectual activities in early adulthood than did case-group members. Control-group members also participated in a higher mean total hours per month of intellectual activities in late adulthood than did case-group members. However, after controlling for covariates, the ''passive hour'' difference in early adulthood was no longer statistically significant. Thus, in both early and middle adulthood, controlgroup members participated in a higher mean total hours per month of intellectual activities than did case-group members.
Percentage Intensity and Logistic Regression Results. The percentage of total hours per month devoted to passive, intellectual, and physical activities in early and in middle adulthood were calculated. Means and standard deviations, stratified by group and gender, are shown in Table 4 . Changes (i.e., difference scores) from early to middle adulthood in the percentage of total hours per month devoted to passive, intellectual, and physical activities were also calculated. The data show that many of the subjects in our sample neither increased nor decreased the time devoted to passive, intellectual, or physical activities from early to middle adulthood, with modal scores of 0 for each of the three difference scores (data not shown). However, there were some subjects who increased their percent passive, intellectual, or physical activities from early to middle adulthood, whereas others decreased their percentage of activities in one or more categories. On average, for both case and control groups, passive activities increased, whereas intellectual and physical activities decreased with age. Next, the intellectual and physical percentages for intensity variables in early and middle adulthood and the sociodemographic variables were included as predictors in a logistic regression model with case vs. control status as the dependent measure. Preliminary analyses, which included interaction variables with gender as predictors, did not reveal significant effects [P values Ͼ0.05]. Therefore, interaction terms with gender were not included in the equation.
Results from a logistic regression model indicate that, when holding constant sociodemographic characteristics, percentage intensity of intellectual and physical activities in early adulthood, and physical activities in middle adulthood, the percentage of intellectual intensity during middle adulthood was a significant predictor of membership in the case vs. the control group (P Ͻ .05). As a graphical presentation of these results, we plotted separately for men and women the probability of membership in the case vs. the control group as a function of change in the percentage of total hours per month devoted to intellectual activities in middle adulthood and the means of the other independent variables (Fig. 1) . Percent passive, intellectual, and physical may not always sum to 100% because of rounding error. These results mean that increases from early to middle adulthood in the percentage of intensity of intellectual activities is associated with a statistically significant decrease in the probability of membership in the case vs. the control group when also controlling for covariates. The model fit was good, with a Nagelkerke pseudo R 2 of 0.26 (24) . In this analysis, we held constant the early-adulthood activities measures so that an increase in the middle-adulthood activities measures can be interpreted as a change from early to middle adulthood. Fig. 1 represents predicted case-vs. control-group membership results for the ''average'' male and for the ''average'' female in our sample in terms of sociodemographic features-passive, intellectual, and physical activities in early adulthood and passive and physical activities in middle adulthood. The graph shows that, assuming these average values, for those subjects who increased their percentages of intellectual activities from early to middle adulthood (and thus decreased their passive activities by a corresponding amount), the probability of membership in the case group decreased. However, for those subjects who decreased their percentages of intellectual activities from early to middle adulthood (and thus increased their passive activities by a corresponding amount), the probability of membership in the case group increased.
Surrogate Substudy. Forty-nine pairs were available for analysis. The null hypotheses of zero mean differences were not rejected. The test values obtained were as follows: passive intensity 20s͞30s: t(29) ϭ 1.271, P ϭ 0.214; passive intensity: 40s͞50s t(39) ϭ 0.736, P ϭ 0.466; intellectual intensity 20s͞30s: t(29) ϭ 0.232, P ϭ 0.818; intellectual intensity 40s͞50s: t(38) ϭ 0.408, P ϭ 0.686; physical intensity 20s͞30s: t(26) ϭ 0.418, P ϭ 0.679; and physical intensity 40s͞50s: t(35) ϭ Ϫ1.125, P ϭ 0.268. Thus, on average, surrogates do not appear to under-or over-report events. The different degrees of freedom of the test statistics reflect missing data, largely from the surrogate respondents. As expected, this occurs more frequently when recalling the earlier periods of life.
Discussion
Our results indicate that patients with AD are less active in midlife (early and middle adulthood) in terms of intellectual, passive, and physical activities than control-group members. The lower premorbid activity levels in patients with AD persisted in measures of intellectual, passive, and physical activities, calculated by using an independently developed scale following statistical correction for year of birth, sex, education, and income adequacy. These differences were not explained by differing educational levels in the two groups. We minimized the influence of early disease on participation in activities by collecting data only concerning the period of midlife ending at age 60 or ending 5 years before disease onset (whichever was earlier). Our results indicate that low participation in activities in midlife (in addition to low levels of educational and occupational achievement) is a risk factor for the disease.
We found that diversity of intellectual, passive, and physical activities were all protective against the development of AD. Our hypothesis that intellectual activities were protective was confirmed, but the effects were seen for passive and physical activities as well. However, the differences between case-and control-group members were greatest in regard to intellectual activities. Odds ratios showed that people who were relatively inactive (for intellectual, passive, or physical activities) had about a 250% increased risk of developing AD. Physical exercise has been reported by our group to be protective against development of the disease.** There are many beneficial effects of physical activity that may be related to reduced risk of AD: lower body weight, improved diet (including increased consumption of antioxidants and lower fat intake), improved blood pressure and cardiovascular health, as well as beneficial effects on blood clotting (25) .
We cannot exclude the possibility that our data reflect the very early effects of the disease, several decades before symptom onset. Snowdon and colleagues (18) in the Nun Study have demonstrated a remarkable relationship between early-life linguistic abilities and the late risk of developing AD, suggesting that the disease may have early effects on performance several decades before symptom onset. Positron emission tomographic (PET) studies have also shown that the metabolic effects of AD in apolipoprotein (apo) E-4 homozygotes may begin 10-20 years before diagnosis (26, 27) . Also, ApoE-4 homozygotes have been reported to have preclinical memory decline in immediate and delayed recall (28) . A prospective study of the Framingham cohort also has shown preclinical decline in verbal memory in people who were to eventually develop AD (29) . Pathological studies of Down's syndrome brain have shown that diffuse plaques of ␤-amyloid 1-42 develop as early as 12 years of age (30) , even though loss of function is not seen until after age 35. It is possible that the presymptomatic cognitive effects demonstrated in the Nun Study (18) and the early metabolic changes documented with PET (26, 27) also represent risk factors for AD. Both explanations may very well be concurrently correct. It may be possible to analyze the relative contributions of early disease and risk͞protective effects in longitudinal studies of transgenic mice having AD genes. Fig. 1 demonstrates that for the average subject, reduction in intellectual pursuits over the four decades from early to middle adulthood increases the probability of AD. This relationship between disease and intellectual activity may be interpreted as evidence of the progressive effects of the disease on participation or may also represent a protective effect of intellectual activities.
We used an ''asymmetrical'' method of data collection, obtaining information from surrogates for case-group members and obtaining information from control-group members from themselves, because case-group members cannot self report and control-group members have the most accurate information about their own lives. We did not use surrogates for controlgroup members because that would not have created a genuinely ''symmetrical'' method, as the caregiving relationship between case-group members and their surrogates is not the same as the noncaregiving relationship between control-group members and their surrogates in that the surrogates of control-group members are not as well informed. Our surrogate substudy demonstrates that the use of surrogate responders for control-group members would have added imprecision to the data without altering average values, and that there was no systematic under-or over-reporting introduced by the use of control-group members responding for themselves. Our choice of respondents is also supported by a study of alcohol consumption in which primary and proxy respondents have been found to provide similar information (31) . Kondo et al. (32) also compared direct and indirect answers in a study on AD, and found that all responses agreed 70% or more ( ϭ 1, P Ͻ 0.05). Proxy respondents have also been found to be a reliable source of information for dementia studies in observations from the MIRAGE project (42) .
Previous reports of relationships between activities and AD did not account for the effects of early disease in the several years preceding symptoms. Certainly premorbid decline can cause reduction in activities in years preceding onset of clinical dementia, as demonstrated by Fabrigoule et al. (20) in an incidence study of dementia in subjects who were followed for 3 years. This premorbid effect could influence relationships with physical (33), mental (32, 34) , and social activities (19) . A study by Zabar and colleagues † † found no difference in activities between caseand highly selected control-group members participating in the Baltimore Longitudinal Study of aging. Again, premorbid activities were not addressed.
Our study has important limitations. Case-group members were recruited from our Alzheimer Center and, along with our controlgroup members, were not population-based. However, the demographic features of our case-and control-group members (Table 1) are similar to other studies on AD in this country. The use of friends as control-group members and the use of control-group members from the same organizations as case-group members is likely to produce some overmatching, suggesting that our main effects may have been stronger if population-based control-group members were used. Activity participation reflects a complex constellation of economic, occupational, and other factors, and hours of participation do not necessarily reflect quality of participation (i.e., some people may do a task more effectively and spend less time doing it). We have been able to record only whether an activity was done and for how long. We were able to statistically account for some possible confounders (age, sex, education, income adequacy) but did not consider others, such as apoE genotype. Also deserving consideration are possible confounders, which may be independently related to both AD risk and activity levels, including early-life environment, level of medical care, heart disease, personality, stress, occupation, and socioeconomic status (9, 40) . Another important confounder, education, was controlled for in the analysis. The classification of activities as intellectual, passive, or physical is arbitrary but supported by the work of Hultsch et al. (23) .
Retrospective assessment of participation in activities is likely to contain inaccuracies. However, the only other way to obtain the data required is with a very long-term prospective study. Data from short-term (3-5 years) prospective studies may be influenced by the premorbid and morbid effects of disease-''high-ability individuals lead intellectually active lives until cognitive decline in old age limits their activities'' (16).
Donald Hebb had predicted that use contributes to the establishment and maintenance of synapses (12) . It may also be that neuronal activation, associated with functional activity, spares the brain from the Alzheimer process through beneficial effects on membranes and amyloid ␤ protein production, degradation, and aggregation (9, 10, 15) .
Our results are in accord with those of Hultsch et al. (16) , who reported recently that ''intellectually engaging activities buffer against longitudinally measured cognitive decline'' in a study of 214 persons aged 55 to 86 at time of first assessment. Wilson and colleagues (36) evaluated 6,162 persons in a geographically defined biracial population and also found that cognitive function was related to ''composite measures of the frequency and intensity of cognitive activity.'' Our results are compatible also with the view that environmental complexity is associated with enhanced cognitive functioning (17) and that underactivity is a risk factor for the development of AD, as proposed in Swaab's (12, 37) ''use it or lose it'' scenario.
Humans remain genetically equipped for life as Paleolithic hunter-gatherers (35) . Activity levels consistent with human survival were certainly higher for all of human history than they are now in the 21st century. A protective relationship between high activity levels and AD may explain partially the low prevalence of the disease in rural India (38) or urban Nigeria [despite high apoE-e4 allele frequency (39) ]. Activity levels in developing countries are certainly very high. Relationships between recreational activities and the development of neurodegenerative disorders has received relatively little attention. We believe that the interactions reported here are important because of their significance for public policy.
